Regulation of expression of the intestinal epithelial actin-binding protein, villin, is poorly understood. The aim of this study was to determine whether Wnt5a stimulates Ror2 in intestinal epithelia caused transient increases in phospho-ERK1/2 (pERK1/2) and subsequently increased expression of villin transcript and protein. To demonstrate Wnt5a-Ror2 regulation of villin expression, we overexpressed wild-type, truncated, or mutant Ror2 constructs in HT29 adenocarcinoma cells and non-transformed fetally derived human intestinal epithelial cells, added conditioned media containing Wnt5a and measured changes in ERK1/2 phosphorylation, villin amplicons, and protein expression by RT-PCR and Western blot techniques. Wnt5a addition caused a transient increase in pERK1/2, which was maximal at 10 min but extinguished by 30 min.Transient transfection with a siRNA duplex against Ror2 diminished Ror2 amplicons and protein and reduced the extent of pERK1/2 activation. Structure-function analysis revealed that the deletion of the cysteine-rich, kringle, or tyrosine kinase domain or substitution mutations of tyrosine residues in the intracellular Ser/Thr-1 region of Ror2 prevented the Wnt5a stimulation of pERK1/2. Deletion of the intracellular proline and serine/threonine-rich regions of Ror2 had no effect on Wnt5a stimulation of pERK1/2. The increase in villin expression was blocked by pharmacological inhibition of MEK-1 and casein kinase 1, but not by PKC and p38 inhibitors. Neither Wnt3a nor epidermal growth factor addition caused increases in villin protein. Our findings suggest that Wnt5a/Ror2 signaling can regulate villin expression in the intestine.
INTRODUCTION
The molecular determinants of villin production in the intestine are largely unknown. Villin is a 92.5-kDa, actin-binding cytoskeletal protein which associates with the apex and axial bundle structures of intestinal microvilli to mediate cytoskeletal organization in the intestine (Coluccio and Bretscher, 1989; George et al., 2007) . Studies have shown that the knock down of endogenous villin expression in intestinal epithelial cells induced low rates of brush border assembly (Costa de Beauregard et al., 1995; Pinson et al., 1998) . Consequently, elucidating mechanisms which regulate villin expression in vitro could enhance understanding of determinants which mediate normal epithelial development in the gut.
In the adult small intestine, villin protein expression is detected along the entire crypt-villus axis, with levels of villin protein expression enhanced toward the villus tip (Maunoury et al., 1992) . Ror2, a tyrosine kinase receptor, is the receptor for Wnt5a. Ror2 is expressed in murine small intestinal epithelia along the entire crypt-villus axis (Pacheco and MacLeod, 2008) . Activation of the extracellular calcium sensing receptor (CaSR) increased Wnt5a secretion from colonic myofibroblasts. CaSR activation increased Ror2 expression on the epithelia. This paracrine Wnt5a/Ror2 signaling in intestinal epithelial cells led to the activation of the caudal type homeobox transcription factor 2 (CDX2), and sucrase-isomaltase (Pacheco and MacLeod, 2008) suggestive of increased epithelial differentiation. Wnt5a/Ror2 stimulates non-canonical Wnt signaling while Wnt3a activates the canonical Wnt/β-catenin dependent pathway (Mikels and Nusse, 2006) . Villin is regarded a marker for differentiated epithelial cells because of its distinctive expression gradient along the villus-crypt axis . It is not known if Wnt5a/Ror2 signaling influences villin expression.
In H. pylori infected gastric cells, the villin promoter has been shown to be increased by Elk-1, a downstream nuclear transcription factor which is activated by ERK1/2 phosphorylation (Rieder et al., 2005) . This suggested to us that the activation of ERK1/2 might, in the appropriate conditions, influence villin expression in intestinal epithelia. As described herein, we observed that Wnt5a added to non-transformed fetally derived intestinal cells or HT29 adenocarcinoma cells, when Ror2 was overexpressed, increased villin transcript and protein expression. We show that this effect required the cysteine-rich, kringle, and tyrosine kinase domain(s) of Ror2. The Wnt5a stimulation of pERK1/2 and villin expression occurred using Ror2 constructs lacking the proline and serine/threonine-rich regions of the intracellular tail (BDB Ror2). Mutations of tyrosine residues in the serine/threonine-1 rich region of Ror2 (5YF Ror2) prevented Wnt5a stimulation of transient ERK1/2 phosphorylation and subsequent villin expression. This is the first demonstration that Wnt5a activating the BDB Ror2 signals differently than when Wnt5a interacts with 5YF Ror2. Addition of Wnt3a or epidermal growth factor (EGF) did not result in villin expression in the presence of wild-type Ror2 overexpression. Together, our results define a causal relationship of Wnt5a/Ror2 signaling in intestinal epithelial cells to transiently increase pERK1/2 and lead to villin protein expression.
MATERIALS AND METHODS

MATERIALS
Inhibitors such as PD 098059 (MEK-1 inhibitor), SB 203580 (a p38 MAPK inhibitor), Bisindolylmaleimide I (inhibitor of PKC isotypes: -α, -β, -γ, -δ, -ε), and D4476 (a casein kinase I inhibitor) were purchased from EMD Calbiochem-Novabiochem (San Diego, CA, USA). Other investigations have demonstrated that at the following concentrations: 10 μM PD 098059 (Alessi et al., 1995; Aliaga et al., 1999) , 10 μM SB 203580 (Clerk et al., 1998; Zhou et al., 2005; Tu and Perdue, 2006) , 1 μM Bisindolylmaleimide I (Toullec et al., 1991; Vayro and Silverman, 1999) , and 100 μM D4476 (Rena et al., 2004; Bryja et al., 2007) , ERK MAPK, p38 MAPK, PKC and CK1 and inhibited, respectively, in a variety of cell lines.
CELL CULTURE
The human colorectal adenocarcinoma HT29 cell line and mouse L-cells were purchased from American Tissue and Cell Culture (Rockville, MD, USA). Fetally derived, non-transformed, human intestinal epithelial cells (HIEC) were obtained from Dr. Boudreau (University de Sherbrooke, Sherbrooke, QC, Canada). The HT29 and L-cells were grown in Dulbecco's modified eagle media (DMEM) supplemented with 10% fetal bovine serum (FBS), and 0.05% Penstrep (all purchased from Invitrogen, Carlsbad, CA, USA). The non-transformed fetal HIECs were cultured in OPTI-MEM supplemented with 4% FBS (Invitrogen), 0.05% l-glutamine (Invitrogen), 0.02% EGF (Sigma, Oakville ON, Canada), and 0.05% HEPES (BioShop, Burlington, ON, Canada).
All cells were maintained at 37˚C, in 95% air, 5% CO 2 atmospheric conditions. HT29 cells and HIECs were passaged every 4-5 days, with 0.25 and 0.05% Trypsin (Invitrogen, Carlsbad, CA, USA), respectively. Only HT29 cells passaged within the first 6 weeks of initial thawing and passage 16-22 HIECs were used. Early passage cells were used to prevent spontaneous differentiation and transformation that is often observed in late-passage carcinoma-derived intestinal epithelial cell lines (Pinto et al., 1983; Vachon and Beaulieu, 1992) .
PREPARATION OF Wnt5a CONDITIONED MEDIA
Mouse L-cells, stably transfected with Wnt5a plasmid, were seeded on 10 cm plates and supplemented with 10% DMEM, as previously described. After 24 h, cells were then incubated in 0.5 mM Ca 2+ DMEM containing 0.1% l-glutamine and 0.05% Penstrep and supplemented with 0.2% bovine serum albumin. This media was collected 48 and 96 h afterward. Upon collection, media was centrifuged at 1000 RPM for 5 min and the remaining supernatant was isolated, divided into aliquots, and kept at −30˚C for later use.
TRANSIENT TRANSFECTIONS
All DNA plasmid transfections completed for subsequent Western blot analysis and RT-PCR were performed using the Superfect transfection reagent, according to the manufacturer's instructions (Qiagen, Mississauga, ON, Canada). The wild-type Ror2 plasmid (WT Ror2) and Ror2 constructs containing deletions of: the cysteine-rich domain, aa 170-300 (ΔCRD Ror2); the kringle domain, aa 316-395 (ΔK Ror2); regions including and distal to the tyrosine kinase domain, aa 502-944 (ΔRS Ror2); regions including and distal to the tail of tyrosine kinase domain, aa 749-944 (BDB Ror2), and a Ror2 construct containing substitutions of phenylalanine for five tyrosine residues in the first serine/threonine-rich domain, tyrosines 818, 824, 830, 833, 838 (5YF Ror2) were generous gifts from Y. Minami (Kobe University, Kobe, Japan). The described constructs are summarized in Figure 1A . Expression levels of WT Ror2, ΔK Ror2, ΔRS Ror2, BDB Ror2, and 5YF Ror2 in HT29 cells are shown in Figure 1B . The expression of RS and BDB were higher then the wild-type Ror2 (1.8× and 2.8×, respectively) while expression of the ΔK Ror2 and 5YF Ror2 were consistently lower (0.30× and 0.26×, respectively) then wild-type Ror2. The short-interfering RNA duplex pool against Ror2 (siRNA Ror2 ) was comprised of four target sequences: 5 -GUCAUCGCUUGCCUGUUC-3 , 5 -ACCAACCCUUGAGCAUGA-3 ,5 -GCAAUGUGCUGGUGUAC GA-3 , 5 -GAACCGGACUAUUUAUGUG-3 and was purchased from Dharmacon (Hornby, ON, Canada).
WESTERN BLOT ANALYSIS
HT29 cells and HIECs were seeded on 6-well plates; 24 h later, these cells were transfected with 2.0 μg of a Ror2 plasmid construct (as previously described) or with 200 nM of siRNA Ror2 (previously described) using Superfect (Qiagen), according to manufacturer's instructions. The plates were serum starved in 0.5 mM Ca 2+ DMEM supplemented with 0.2% BSA, 0.1% l-glutamine and 0.05% Penstrep, as described previously. After 18 h of serum starvation, the cells were incubated with Wnt5a conditioned media for 0, 2, 5, 10, 30, 60 min. Following incubation, cells were rinsed once with ice-cold PBS containing 1 mM sodium orthovanadate and 25 mM sodium fluoride. Cells were subsequently lysed in 20 mM Tris-HCl, ph 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 25 mM NaF, 1% Triton X-100, 10% glycerol, 1 mM dithiothreitol, 1 mM sodium orthovanadate, and a cocktail of protease inhibitors containing 10 μM each of pepstatin, soybean trypsin inhibitor, leupeptin, aprotinin, calmodulin.
Lysates (40-60 μg total protein) were loaded onto an 8% (for villin immunoblotting), 10% (for pERK1/2 or ERK1/2 immunoblotting), or 12% (for Ror2 or FLAG-tag, N-DYKDDDDK-C, immunoblotting) Bisacrylamide gel. Proteins were transferred electrophoretically onto a polyvinylidene difluoride (PDVF) membrane (Millipore, Bedford, MA, USA). Following transfer, membranes were blocked for 1 h in 5% milk in 1× Tris Buffered Saline and 0.1% Tween-20 (1×TBS-T). To detect expression of phosphorylated-ERK1/2 (pERK1/2), total amounts of ERK1/2 (ERK1/2), Ror2, FLAG-tag, and villin protein, membranes were incubated with a polyclonal rabbit antibody specific for pERK1/2, ERK1/2, Ror2, FLAG-tag, or villin in 1XTBS-T with 5% BSA in a 1:1000 dilution (antibodies purchased from Cell FIGURE 1 | (A) Schematic representation of the Ror2 constructs used in these experiments. Full length Ror2 is characterized by three extracellular domains (Ig-like, cysteine-rich and kringle domains), as well as four conserved intracellular domains (tyrosine kinase, serine/threonine-rich-1, proline-rich, serine/threonine-rich-2 domains). The various Ror2 constructs are characterized by deletions of specific putative domains of Ror2. The ΔCRD Ror2 contains a deletion of the cysteine-rich domain. In the ΔK Ror2 construct, the kringle domain has been truncated. In RS Ror2, a majority of the tyrosine kinase domain, as well as regions distal to this domain have been deleted. The 5YF Ror2 construct contains five substitution mutations in the Ser/Thr-1 region, where five tyrosine residues have been replaced by phenylalanines. The BDB Ror2 construct contains a deletion of the Ser/Thr-1, proline, and Ser/Thr-2 rich regions. (B) Expression levels of WT Ror2, ΔK, RS, BDB, and 5YF in HT29 cells with beta-actin as a loading control.
Signaling Technology Inc., Danvers, MA, USA). Membranes were left at 4˚C, shaking overnight. To detect β-actin protein expression, membranes were incubated with a mouse antibody specific for β-actin (Sigma, St Louis, MO, USA) diluted to 1:10000 in 1XTBS-T, under similar conditions and incubated with an anti-rabbit or anti-mouse secondary conjugated to horseradish peroxidase (Sigma, St Louis, MO, USA) in 1XTBS-T containing 5% milk for 1 h. Protein bands were visualized by incubating the membrane with luminol and peroxide substrates from a commercially purchased chemiluminescence kit (SuperSignal, Pierce Chemical; Rockford, IL, USA).
REVERSE TRANSCRIPTASE-POLYMERASE CHAIN REACTION
A two-step RT-PCR for villin was performed to assess for differential gene expression. RNA was extracted from Wnt5a-challenged, Ror2-overexpressing HT29 cells and non-transformed fetal HIECs. RNA was isolated using TRIzol, according to manufacturer's instructions (Invitrogen).
cDNA synthesis was performed from total RNA using the Omniscript reverse transcription kit as per manufacturer's instructions (Qiagen; Mississauga, ON, Canada). Total 1.0 μg of cDNA, from the resulting cDNA synthesis, was combined with the appropriate primers for human villin along with a reverse-transcriptase enzyme, Taq Polymerase (from a purchased Reverse-Transcriptase kit by Qiagen; Mississauga, ON, Canada). Primers for villin are sense 5 -TAG CTG TGG TTG TAA AGC AGT ACC-3 and antisense 5 -GGT ATC ATC TTT CTG AAG GAA TAG G-3 . The PCR cycle parameters were as follows: an initial 60 s initial denaturation period at 104˚C; 30 amplification cycles consisting of a 30-s-denaturation period at 104˚C; a 30-s-annealing period at 55˚C, and a 1-min elongation period at 72˚C; a final 10-min elongation period at 72˚C. The resulting PCR product was loaded onto a 1% agarose gel and visualized by UV light. The sequence of the RT-PCR product from the described experiment was: 5 -CGATATTAGTCCTACACCAATTGAAGTGAAATTTTGCAGATG TGCCTATGAGCACAAACTTCTGTGGCAAATGCCAGTTTTGT TTAATAATGTACCTATTCCTCAGAAAGATGATA-3 .
DENSITOMETRY
Densitometry was performed on X-rays of developed Western blot experiments. The densities of individual bands were measured using ImageJ (version 1.40g). Measured experimental densities were normalized against the density of the appropriate loading control. These corrected densities were normalized to the most intense band in the given experiment.
STATISTICS
Data are presented as means ± SE of at least three separate experiments. Student's t -tests were performed on data, where appropriate. Statistical significance was defined as: P < 0.05.
RESULTS
Wnt5a INTERACTION WITH Ror2 STIMULATED ERK1/2 PHOSPHORYLATION IN ADENOCARCINOMA-DERIVED HT29 CELLS
We first determined whether Wnt5a and Ror2 would stimulate the ERK1/2 (p44/42) MAPK cascade in adenocarcinoma-derived HT29 intestinal epithelial cells (Figure 2 ). ERK1/2 activation is characterized by dual phosphorylation of both the ERK1 and ERK2 (p44 and p42) isotypes. Approximately 24 h after seeding on 6-well plates, cells were transfected with 2.0 μg of (full length) WT Ror2 DNA plasmid, and subsequently challenged with Wnt5a conditioned media (Wnt5a CM) for 0, 2, 5, 10, 30, 60 min (along with www.frontiersin.org a negative control lacking plasmid). It was determined that levels of both p44 and p42 phosphorylation transiently and robustly increased between 2 and 30 min of Wnt5a CM treatment. Maximal ERK1 and 2 phosphorylation occurred at 5-10 min, before diminishing to baseline levels at 60 min ( Figure 2A , bottom panel). In contrast, in mock-transfected HT29 cells, which were Wnt5a-challenged in a similar manner, levels of ERK1/2 phosphorylation were substantially attenuated; dual-ERK1/2 phosphorylation was observed only at 10 min ( Figure 2A , middle panel).
To verify whether the Ror2 receptor is a necessary mediator of Wnt5a-induced ERK1/2 activation, we completed experiments employing the use of a short-interfering RNA duplex aimed specifically against the Ror2 (siRNA Ror2 ). We have shown that in response to increasing transfection concentrations of siRNA Ror2 in HT29 cells, Ror2 receptor expression was dose-dependently downregulated ( Figure 2B ). At 200 nM concentrations of siRNA Ror2 , immunoreactive Ror2 expression was barely detectable in cell lysates; we used this concentration of siRNA Ror2 for subsequent experiments.
Because ERK1/2 is an extracellular signal-regulated MAPK, and may be activated by a diverse set of agonists including cytokines, growth factors, and serum elements, we elected to determine whether the serum elements in the medium alone were sufficient to induce robust increases in ERK1/2 phosphorylation in these cells. Through Western blot analysis screening for phosphorylated ERK1 and 2 (pERK1/2), low levels of pERK2 were observed in cells where Ror2 receptor expression had been silenced and subsequently treated with minimum serum (0.2% BSA) media, which does not contain Wnt5a ( Figure 2C , bottom panel), or where cells had been mock-transfected, and treated in a similar manner ( Figure 2C ; top panel).
We went on to compare ERK1/2 phosphorylation in HT29 cells, which had been transfected with WT Ror2 or siRNA Ror2 and subsequently treated with Wnt5a CM. As previously shown, we observed that in WT Ror2-transfected cells, Wnt5a challenge induced a transient increase in dual-ERK1/2 phosphorylation ( Figure 2A , bottom panel). However, upon similar challenge with Wnt5a CM in siRor2-transfected cells, ERK1/2 phosphorylation was attenuated ( Figure 2D ). The ERK1/2 phosphorylation was restricted to the ERK2 (p42) isotype.
From these experiments, we conclude that activation of both ERK1/2 (p44/p42) occurred transiently in response to Wnt5a addition to Ror2-overexpressing epithelial cells. Furthermore, these findings suggest that medium change or knocking down expression of Ror2 have a comparable effect -stimulating p42 activation exclusively. We therefore elected to use the transient activation of both p44 and p42 as the index of ERK1/2 phosphorylation.
Wnt5a-ACTIVATION OF ERK1/2 INDUCED VILLIN PROTEIN EXPRESSION IN ADENOCARCINOMA CELLS
Earlier studies using gastric cancer cells have reported that activation of the ERK1/2 MAPK cascade can induce Elk-1 mediated villin promoter activity (Rieder et al., 2005) . Because Elk-1 is activated by phosphorylated ERK1/2, we went on to determine whether Wnt5a-Ror2 induced ERK1/2 activation would enhance villin expression in HT29 cells. We assessed villin expression by RT-PCR and Western analysis, on HT29 cells overexpressing Ror2 and challenged with Wnt5a CM for 18 or 24 h, respectively. Using the BLAST algorithm, this sequence was shown to be 100% homologous with human villin mRNA. In cells that were mock-transfected and/or left untreated, basal levels of villin transcript expression were low. In contrast, when WT Ror2-overexpressing cells were challenged with Wnt5a CM for 24 h, levels of villin amplicon were substantially upregulated. This upregulated villin transcript expression was lost in the presence of PD 098059 (10 μM), a specific MEK-1 inhibitor, which is directly upstream of the ERK1/2 MAPK cascade ( Figure 3A) .
There was a noticeable increase in villin protein production in WT Ror2-overexpressing cells challenged with Wnt5a CM for 24 h. In contrast, villin protein expression was low in mock-transfected and/or untreated cells ( Figure 3B) . Again, this increased villin protein expression was lost in similarly treated WT Ror2-overexpressing cells, in the presence of PD 098059 (10 μM; Figure 3B ).
To assess whether other intracellular effectors could be involved in Wnt5a-stimulated villin protein production, we screened for immunoreactive villin in cells treated with inhibitors of PKC and p38 MAPK. Again, we observed low levels of villin protein in untreated or mock-transfected HT29 cells. Upon Wnt5a CM challenge in WT Ror2-overexpressing cells, villin protein production was noticeably increased. In the presence of Bisindolylmaleimide I (1 μM; an inhibitor of PKC-α, -β, -γ, -δ, -ε), and SB203580 (10 μM; a specific inhibitor of all p38 isotypes), levels of villin protein production remained increased in Wnt5a CM-challenged Ror2-overexpressing cells. Addition of D4476 (100 μM; a CKI inhibitor) prevented Wnt5a-induced villin expression in WT Ror2-expressing cells ( Figure 3C ). Taken together, these results suggest that Wnt5a-Ror2 induced ERK1/2 activation, which enhanced villin protein production in HT29 cells. This Wnt5a-induced ERK1/2 phosphorylation also required CKI involvement. However, PKC and p38 MAPK did not appear to mediate this effect.
Wnt5a-INDUCED ERK1/2 ACTIVATION AND SUBSEQUENT VILLIN PROTEIN PRODUCTION REQUIRED SPECIFIC FUNCTIONAL REGIONS OF Ror2
Having established Ror2 functionality in mediating Wnt5a's induction of ERK1/2, we went on to elucidate the specific regions of the receptor necessary in mediating this affect. To verify which domains of Ror2 are necessary for induction of ERK1/2 phosphorylation, we completed further Wnt5a time course experiments, assessing ERK1/2 phosphorylation via Western blot analysis, in HT29 cells overexpressing truncated or mutated Ror2 constructs. A set of control cells, which overexpress WT Ror2, were run concurrently with each experiment. Both experimental and control cells were treated with Wnt5a CM for 0, 2, 5, 10, 30, and 60 min. Experimental and control lysates were run concurrently on acrylamide gels and transferred onto PDVF membranes within the same apparatus and exposed on the same piece of film to ensure consistency. In cells expressing a Ror2 receptor where the cysteine-rich domain has been truncated (ΔCRD Ror2), or the kringle domain has been deleted (ΔK Ror2), or a majority of the tyrosine kinase domain and regions distal to this domain have been deleted (RS Ror2), or where five tyrosine residues of the serine/threonine-1 domain had been substituted with phenylalanines (5YF Ror2), levels of Wnt5a-induced ERK1/2 phosphorylation were substantially attenuated compared to WT Ror2-transfected cells (Figures 4A-D) .
In contrast, in cells expressing a BDB Ror2 receptor, where only the distal proline and serine/threonine-rich regions of the receptor had been deleted, levels of both ERK1/2 (p44 and p42) robustly increased over the course of an hour. The pattern of Wnt5a-induced ERK1/2 phosphorylation in these BDB Ror2-expressing cells was similar to that of control WT Ror2-transfected cells ( Figure 4E) .
Densitometry confirmed that the intensity of ERK1/2 phosphorylation in WT Ror2-transfected control cells incubated with Wnt5a CM for 10 min was significantly increased compared to baseline. Additionally, the degree of ERK1/2 phosphorylation was significantly greater in Wnt5a-challenged WT Ror2 HT29 cells compared to similarly treated cells expressing ΔCRD, ΔK, RS, or 5YF Ror2 (Figures 4A-D) . Densitometry on three separate ERK1/2 time course experiments confirmed that the degree and pattern of ERK1/2 activation in Wnt5a-treated BDB Ror2-cells resembled that of similarly treated control cells ( Figure 4E , right panel). Expression levels of WT, ΔK, RS, BDB, and 5YF Ror2 constructs is shown in Figure 1B . We note that overexpression of RS and BDB relative to WT Ror2 generated opposite effects on ERK1/2 phosphorylation, while reduced expression of ΔK and 5YF relative to WT Ror2 generated comparable effects on ERK1/2 phosphorylation.
We then assessed levels of villin protein production in HT29 cells transfected with a Ror2 receptor where the cysteine-rich domain has been deleted (ΔCRD Ror2), five tyrosine residues on the Ser/Thr-1 domain had been substitution-mutated (5YF Ror2), or where the proline/serine rich regions of the receptor had been deleted (BDB Ror2). Immunoblotting for villin demonstrated that in mock-transfected or unchallenged WT Ror2-expressing cells, levels of villin protein production were low. However, in WT Ror2-overexpressing cells challenged with Wnt5a CM for 24 h, levels of villin protein production were increased. In contrast, in ΔCRD Ror2 and 5YF Ror2-overexpressing cells, treatment with Wnt5a CM did not enhance villin protein production ( Figure 5A) . However, in cells where the proline and serine/threonine-rich domains of the Ror2 receptor had been deleted (BDB Ror2), upon Wnt5a challenge, levels of villin protein production were increased ( Figure 5B) .
Consistent with previous findings, our work suggested that the extracellular cysteine-rich domain is a necessary component of Wnt5a-induced ERK1/2 activation and subsequent villin protein production. Additionally, these experiments also show that despite the fact that both 5YF and BDB Ror2 rendered the Ser/Thr-1 domain of the receptor inactive, either by mutation or deletion, respectively, these Ror2 constructs signaled in a different manner. It appears that the expression of the tyrosine residues in the Ser/Thr-1 was necessary for Wnt5a's interaction with full length Ror2 to stimulate ERK1/2. However, deletion of regions including and distal to Ser/Thr-1 did not affect Wnt5a stimulation of ERK1/2 and subsequent increases in villin protein.
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RECOMBINANT Wnt5a, BUT NEITHER Wnt3a NOR EGF, STIMULATED VILLIN PROTEIN PRODUCTION IN ADENOCARCINOMA-DERIVED CELLS
To determine whether other forms of Wnt5a or other Wnt family members, besides Wnt5a, could stimulate villin protein production in HT29 cells, we challenged WT Ror2-overexpressing cells with recombinant mouse Wnt5a (rWnt5a) and recombinant mouse Wnt3a (rWnt3a), and assessed for villin protein production. In mock-transfected cells treated with Wnt5a CM, levels of villin protein were low, as observed in previous experiments. Upon addition of either Wnt5a conditioned media or rWnt5a (200 ng/mL) for 24 h in Ror2-overexpressing cells, levels of villin protein were increased. Following similar addition of rWnt3a (200 ng/mL) to WT Ror2-transfected cells, villin protein production was not increased (Figure 6A) .
To determine whether other ERK1/2 agonists could induce increased villin production, we stimulated cells with EGF. EGF is a well-characterized activator of the ERK1/2 cascade. Western blot analysis screening for pERK1/2 confirmed that EGF (100 nM) stimulated transient and robust increases in dual-ERK1/2 (both p44/p42) phosphorylation between 2 and 30 min of incubation ( Figure 6B) . Upon immunoblotting for villin protein, we found, as with previous experiments, that the levels of villin protein expression in unchallenged or mock-transfected cells were not increased. In contrast, in WT Ror2-transfected cells challenged with Wnt5a CM for 24 h, villin protein expression was noticeably increased, within the same experiment. However, in WT Ror2-transfected cells treated with EGF for a similar 24 h time period, immunoreactive villin was low ( Figure 6C) .
From these experiments, we conclude that both Wnt5a CM and recombinant Wnt5a treatment stimulated villin protein production. However, treatment with either another Wnt family member, Wnt3a, or a separate ERK1/2 agonist, EGF, did not induce enhanced villin production.
Wnt5a-INDUCED ERK1/2-DEPENDENT VILLIN PROTEIN PRODUCTION IN Ror2-TRANSFECTED FETALLY DERIVED NON-TRANSFORMED HUMAN INTESTINAL EPITHELIAL CELLS
From our previous experiments, we observed that adenocarcinomaderived HT29 cells expressed increasing basal levels of villin protein with passage. Thus, we elected to repeat similar experiments in fetally derived non-transformed human intestinal epithelial (HIECs), which normally express very little or no villin protein.
To assess whether villin protein production is stimulated by Wnt5a-Ror2 in fetal non-transformed HIECs, we completed immunoblotting for villin in cells overexpressing the Ror2 receptor and had been challenged with Wnt5a CM for 24 h. As seen in previous experiments, in unchallenged and mock-transfected cells, levels of villin protein were low. In Ror2-overexpressing cells, Left panels: ERK1/2 phosphorylation was attenuated in Wnt5a-challenged cells transfected with: ΔCRD Ror2 (where the cysteine-rich domain of Ror2 was been deleted); ΔK Ror2 (characterized by a deletion of the kringle domain), RS Ror2 (which contained a truncation of regions distal to and including a major portion of the tyrosine kinase domain); or 5YF Ror2 (where five tyrosine residues of the Ser/Thr-1 region had been substituted with phenylalanines). (E) Left panel: however, Wnt5a-treated HT29 cells transfected with BDB Ror2 (where the entire proline and serine rich regions was deleted), display a similar level and pattern of ERK1/2 phosphorylation compared to WT control cells. Screening for immunoreactive total ERK1/2 was included as an internal loading control. The blots discussed are representative of three separate experiments with similar results. (A-E) Right panels: densitometry confirmed that maximal ERK1/2 phosphorylation in Wnt5a-challenged WT Ror2 control cells consistently occurred at 10 min. Additionally, maximal ERK1/2 phosphorylation was significantly more intense compared to baseline and compared to ERK1/2 phosphorylation in similarly treated cells expressing a truncated or mutated Ror2. (E) Right panel: the pattern and degree of ERK1/2 phosphorylation was conserved in BDB Ror2-transfected cells challenged with Wnt5a. Results are expressed as means ± SD of three independently performed experiments. *P < 0.05 compared to 10 min of Wnt5a CM incubation in truncated or mutant Ror2-transfected cells.
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†P < 0.05 compared to 0 min of Wnt5a incubation in WT Ror2-transfected cells.
www.frontiersin.org In similarly challenged cells transfected with a ΔCRD Ror2 construct, where the cysteine-rich domain of the receptor has been deleted, or with 5YF Ror2, a plasmid construct where five tyrosines of the Ser/Thr-1 region had been substituted with phenylalanines, villin protein expression was not increased. These low levels of villin expression resembled those found in mock-transfected and/or untreated control cells. β-actin immunoblotting was completed to show equal loading. Blots were representative of three separately performed experiments. (B) In HT29 cells transfected with BDB Ror2, which is characterized by a deletion of the proline and serine/threonine-rich domains of the receptor, levels of villin protein expression were increased upon Wnt5a CM challenge. This increased villin expression was comparable to that observed in similarly challenged WT Ror2-transfected cells. These results represent three individually performed experiments with similar results. Western blotting for β-actin was included as a loading control.
without Wnt5a stimulation, there was a slight increase in villin expression. With Wnt5a addition to WT Ror2-overexpressing cells, there was a noticeable increase in villin protein production (Figure 7) .
To assess if this Wnt5a-induction of villin was ERK1/2-mediated, we challenged WT Ror2-overexpressing fetal-derived non-transformed HIECs with Wnt5a CM for 0, 2, 5, 10, and 60 min and measured levels of ERK1/2 phosphorylation. We found that there was a transient and robust increase in dual-ERK1/2 phosphorylation over the course of an hour. Maximal ERK1/2 phosphorylation occurred between 5 and 10 min ( Figure 7B ). This pattern of ERK1/2 phosphorylation resembled that of similarly challenged WT Ror2-overexpressing HT29 cells ( Figure 2C) .
To determine which intracellular signaling cascades mediated this Wnt5a-stimulated villin production, we challenged WT Ror2-expressing cells with Wnt5a CM in presence of MEK-1 inhibitor (10 μM; PD 098059), Bisindolylmaleimide I (1 μM; an inhibitor of PKC-α, -β, -γ, -δ, -ε), SB 203580 (10 μM; a specific inhibitor of all p38 isotypes), and D4476 (100 μM; an inhibitor of CKI isotypes), and assessed for levels of villin protein. In the presence of either PD 098059 or D4476, levels of villin protein were not increased upon Wnt5a addition (Figures 7C,D) . In contrast, weak pERK1/2 immunoreactivity was detected in cells which had been challenged with low serum media, which did not contain EGF, over similar time points. (C) As previously observed, in HT29 cells which were mock-transfected or left untreated, low levels of villin protein expression were detected. In WT Ror2-overexpressing cells challenged with Wnt5a conditioned media for 24 h, villin protein expression was increased. In WT Ror2-overexpressing cells, challenged with EGF for a similar 24 h time period, low levels of villin expression were detectable, comparable to that found in mock-transfected or untreated control cells. β-actin immunoblotting was included as a loading control. These results are representative of three separately performed experiments.
However, incubation with Bisindolylmaleimide I or SB 203580 did not prevent the Wnt5a-stimulated increases in villin protein ( Figure 7D) .
From these experiments, we conclude that villin protein expression is enhanced upon WT Ror2 overexpression but villin expression was further increased with Wnt5a treatment. This Wnt5a-stimulated villin protein was likely mediated by an ERK1/2 MAPK cascade and/or by casein kinase I. Yet, in the presence of D4476 (100 μM), Wnt5a-induced villin protein expression was prevented For all experiments described, Western blotting for immunoreactive β-actin was performed to demonstrate equal loading. These experiments reflect results from similar experiments performed separately.
THE Ser/Thr-1 DOMAIN OF THE Ror2 RECEPTOR DIFFERENTIALLY MEDIATED VILLIN PROTEIN PRODUCTION IN HIECS
To determine which regions of the Ror2 receptor were necessary to mediate Wnt5a-induced villin protein production in fetal nontransformed HIECs, we completed Western blotting for villin in lysates collected from Wnt5a-treated cells where five critical tyrosine residues in the serine/threonine-1 region of Ror2 had been substituted with phenylalanine (5YF Ror2) or where the proline and serine/threonine-rich regions of the receptor had been deleted (BDB Ror2; Figure 8A ). As previously observed, in unchallenged WT Ror2 (control) cells, we found low, but detectable levels of villin protein expression. Upon Wnt5a treatment in WT Ror2-overexpressing cells, levels of villin protein were increased. In contrast, in both untreated or Wnt5a CM-challenged 5YF Ror2-transfected cells, immunoreactive villin protein was undetectable. In untreated BDB Ror2-expressing cells, we observed low levels of immunoreactive villin protein, comparable to levels seen in untreated WT Ror2-transfected HIECs. In Wnt5a-challenged BDB Ror2-overexpressing cells, the amount of villin protein was increased, comparable to that seen in similarly challenged WT Ror2-overexpressing cells. The results from these experiments were consistent with data collected from previous experiments in HT29 cells (Figures 5A,B) . Though both 5YF Ror2 and BDB Ror2 eliminated tyrosine phosphorylation in the Ser/Thr-1 domain, upon Wnt5a treatment, these mutant/truncated Ror2 constructs signaled in a different manner. The tyrosine phosphorylation in Ser/Thr-1 domain was necessary in full length Ror2 but not in a truncated version Ror2 where the regions including, and distal to, the Ser/Thr-1 region were eliminated. Thus, in both transformed (HT29 cells) and fetally derived nontransformed (HIECs) human intestinal epithelial, Wnt5a signaled differently in 5YF mutations compared with the BDB deletions of Ror2.
Wnt3a DID NOT ENHANCE VILLIN PROTEIN PRODUCTION IN NON-TRANSFORMED HUMAN INTESTINAL EPITHELIAL CELLS
To determine whether another Wnt family member (Wnt3a) or another ERK1/2 agonist (EGF) would stimulate villin protein production in fetally derived non-transformed HIECs, we treated cells with either rWnt3a or EGF and probed for immunoreactive villin. Consistent with previous experiments, in mock-transfected HIECs villin protein production was faint. Upon WT Ror2-transfection, villin protein production was slightly increased. In Ror2-overexpressing cells challenged with Wnt5a CM for 24 h, villin protein expression was substantially increased. However, when WT Ror2-transfected cells were challenged, similarly for 24 h, with rWnt3a protein (200 ng/mL), levels of villin protein production were unchanged, comparable to levels observed in untransfected and untreated control cells (Figure 8B ).
DISCUSSION
The major findings from this study are summarized in the schematic (Figure 9) . We found that Wnt5a/Ror2 signaling caused ERK1/2 activation and subsequent villin protein expression in HT29 adenocarcinoma cells and a fetally derived nontransformed human intestinal epithelial cell line. Evidence that Wnt5a-stimulated Ror2 to induce ERK1/2 activation was demonstrated by different experimental approaches. Western blotting for www.frontiersin.org ERK1/2 showed that Wnt5a conditioned media treatment induced transient and robust increases in ERK1/2 phosphorylation in Ror2-overexpressing intestinal epithelial cells. Media change alone failed to stimulate ERK1/2 phosphorylation. Ror2 expression was a necessary component of Wnt5a-induced ERK1/2 activation, since when Ror2 expression was reduced by RNAi, this phosphorylation was attenuated. Results of structure-function studies suggested the requirement of the cysteine-rich, kringle, and tyrosine kinase domains of Ror2 for Wnt5a-mediated activation of the ERK1/2 MAPK cascade in these cells. Wnt5a addition did not stimulate ERK1/2 activation in cells which expressed a Ror2 receptor with five substitution-mutated tyrosines in the Ser/Thr-1 rich region (5YF Ror2). However, cells which expressed a Ror2 with the serine/threonine and proline-rich regions deleted (BDB Ror2), Wnt5a caused robust increases in ERK1/2 phosphorylation. We report that expression levels of these different Ror2 constructs in the endogenously Ror2-expressing HT29 cells varied. If our Wnt5a-stimulated ERK1/2 responses were dictated by differences in the expression levels it is difficult to understand how the robustly overexpressed RS-Ror2 generated a different response (inhibition of ERK1/2), compared with the BDB Ror2 (no inhibition). Indeed, even when expressed at a lower level compared with the WT Ror2, the ΔK and 5YF constructs inhibited the Wnt5a-stimulated ERK1/2. Because both the 5YF and BDB Ror2 constructs eliminated tyrosine phosphorylation function in the Ser/Thr-1 domain, we conclude that Wnt5a interacted with these constructs to signal differently pERK1/2 and increases in villin protein.
Villin protein was increased after Wnt5a-induced ERK1/2 activation in the two model cell lines. Villin protein expression was blocked in the presence of a specific inhibitor of MEK-1, an upstream mediator of the ERK1/2 MAPK signaling cascade, and in the presence of a casein kinase 1 (CK1) inhibitor, Wnt5a-enhanced villin expression was prevented. However, enhanced villin protein expression was not blocked in the presence of a general PKC or p38 inhibitor. These results suggested that non-canonical Wnt5a-activation of ERK1/2 was highly specific, as a canonical Wnt family member, Wnt3a, and EGF, a separate ERK1/2 agonist, failed to stimulate villin protein production. Together, these findings from a reductionistic system suggested Wnt5a/Ror2 signaling could regulate villin production in intestinal epithelia.
Wnt5a/Ror2 signaling is mediated through the functional domains of the Ror2 receptor. For instance, Wnt5a interaction with Ror2 expressed in HT29, HEK, L, H441, and A549 cells antagonized β-catenin TopFlash reporter activity (Mikels and Nusse, 2006; MacLeod et al., 2007; Li et al., 2008) . These effects were mediated by the intracellular domain of the receptor (Mikels and Nusse, 2006; Abdullah et al., 2008) . In contrast, Wnt1 challenge in human sarcoma cells stimulated the tyrosine kinase domain of
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Ror2 and subsequent β-catenin reporter activity (Billiard et al., 2005) . The current report describes that Wnt5a/Ror2 activation stimulates an ERK1/2 MAPK cascade. Indeed, we have demonstrated that the cysteine-rich, kringle, and tyrosine kinase domains, and likely tyrosine phosphorylation within the serine/threonine-1 region, are involved in mediating the MAPK cascade and increases in villin.
In our experiments, we observed that Wnt5a-stimulated ERK1/2 phosphorylation in cells expressing BDB Ror2, but not in cells expressing a 5YF Ror2. Insight into the function of the C-terminus (Ser/Thr-1 and proline regions) of Ror2 has been generated in a study showing that the C-terminus was required for the recruitment of the non-receptor kinase Src (Akbarzadeh et al., 2008) . Pharmacological inhibition of Src suppressed Ror2 activation (Akbarzadeh et al., 2008) . One interpretation of these results was that the BDB Ror2 was defective in kinase activation via failure to recruit Src. Our current results showing 5YF Ror2 prevented pERK1/2 stimulation and villin protein increases, while BDB Ror2 had no effect, suggest to us that recruitment of Src and phosphorylation of the five tyrosines in the BDB region were a necessary and sufficient event for Wnt5a-activation of Ror2 to generate transient pERK1/2 stimulation leading to villin production. Clearly, Wnt5a interaction with 5YF Ror2 and BDB Ror2 was different. Further experiments are required to delineate how Src is mobilized by Wnt5a stimulation, as well as the role of Src in villin protein regulation. While it is known from in vitro experiments that Src tyrosine phosphorylated villin, leading to increased intestinal cell migration as well as a villin-mediated anti-apoptosis, these effects were observed in models of villin overexpression (Mathew et al., 2008) . Our current experiments have focused on how Wnt5a interaction with Ror2 led to increases in villin. To date, we are unaware of studies which have compared the functions of 5YF Ror2 and BDB Ror2 following Wnt5a stimulation. While we know that 5YF Ror2 failed to phosphorylate G-protein receptor kinase-2 (GRK2) on tyrosine residues by ectopic expression of CK1ε, those studies did not test whether or not BDB Ror2 stimulated GRK2 (Kani et al., 2004) . In future studies, it will be important to understand how putative Src activation of the 5YF sites in the Ser/Thr-1 region alter function compared with the absence of the Ser/Thr-1 region altogether. Are other tyrosine sites in the intracellular domain Src phosphorylated in the regions deleted in BDB Ror2? We report that in these endogenously Ror2-expressing cells, the BDB and 5YF levels were not comparable. Indeed, there was more BDB and less 5YF compared with the wild-type Ror2. If increased expression was a determinant of the Wnt5a-stimulated pERKs, then presumably both constructs would have behaved the same. They did not. Even when expressed at a lower level the 5YF construct blocked Wnt5a stimulation of pERK, while the greater level of BDB had no effect. Therefore, our current results strongly suggest that tyrosine phosphorylation, likely mediated by Src kinases, at sites within the proline-serine/threonine-rich regions of Ror2 are essential for ERK1/2 MAPK stimulation and villin protein production.
Earlier work has implicated ERK1/2 phosphorylation in stimulating intestinal epithelial differentiation (Houde et al., 2001 ). Indeed, others have shown in H. pylori -gastric cancer cells, that villin promoter activity is stimulated by Elk-1, a transcription factor which is downstream of the ERK MAPK cascade (Rieder et al., 2005) . These studies were consistent with our findings that Wnt5a/Ror2 signaling will stimulate ERK1/2 phosphorylation. This event likely mediates villin protein production. We have shown that pharmacological inhibition of MEK-1 prevented Wnt5a-mediated increases in villin protein in two distinct epithelial model cell types. However, pharmacological inhibition of PKC isoforms -α, -β, -γ, -δ, -ε, and p38 MAPK isoforms had no effect on Wnt5a-induced villin protein expression in HT29 adenocarcinoma cells or in non-transformed fetal-derived human intestinal epithelia. Previous studies using Ror2 in heterologous cell lines have shown that Wnt5a stimulates JNK (Yamanaka et al., 2002) and GSK-3β (Yamamoto et al., 2008) , while the receptors which mediate p38, PKC, or CK1/2 following Wnt5a stimulation have not yet been identified.
Our current work is consistent with previous findings that CK1 mediates Wnt signaling in the intestine, as Wnt5a-induction of villin protein was prevented by pharmacological inhibition of CK1 (Bryja et al., 2007) . Little is understood about the role of CK1 in the intestine. It is known that CK1ε abundance and activity increased in transmissible murine colonic hyperplasia, suggesting CK1ε modulated hyperproliferation in mouse epithelia (Umar et al., 2007) . Such findings are consistent with CK1 as a positive regulator of Wnt/β-catenin signaling. However, other studies have demonstrated that Wnt5a-mediated dopaminergic neuronal differentiation was blocked in the presence of D4476. However, the specific receptor mediating this effect was not investigated (Bryja et al., 2007) . Our work is consistent with previous findings that CK1 mediates Wnt signaling in the intestine, as Wnt5a-induction of villin protein was prevented by pharmacological inhibition of CK1. In future experiments it will be important to understand if Wnt5a-mediated CK1 phosphorylation precedes or follows ERK1/2 activation, or does this signaling occur in parallel?
The villin promoter has CDX2 responsive sites (Yamamichi et al., 2009 ). Previously we reported Wnt5a/Ror2 signaling in HT29 and Caco-2 adenocarcinoma cells, profoundly increased both CDX2 transcript and protein leading to activation of a sucrase-isomaltase promoter. Addition of rhWnt5a to these cells caused a 15-fold increase in CDX2 protein within 1h which declined to threefold over basal level by 2 h (Pacheco and MacLeod, 2008) . The determinants of CDX2 protein half-life are largely unknown, but phosphorylation by p38 MAP kinase has been reported to increase CDX2 half-life (Houde et al., 2001) . Because the increase in CDX2 transcript and protein occurred at longer times compared with the activation of pERK1/2 described in the current studies, it may be that the Wnt5a stimulation of pERK1/2 is an important determinant of the upregulation of CDX2 transcript or the substantial increases in CDX2 protein. The current studies have not investigated whether Wnt5a-induction of CDX2 protein is a necessary determinant of the subsequent stimulation of villin. Further experiments are needed to reduce CDX2 increases and address whether the Ror2-stimulation of pERK1/2 is influenced and if villin transcript and protein changes have occurred. Indeed, because the current studies show that EGF caused the same transient stimulation of pERK1/2 in Ror2-overexpressing cells but did not cause an increase in villin protein, it will be important to know if EGF increases CDX2 in these cells. Alternatively it could be that while both CDX2 and Elk-1 can activate the villin promoter, www.frontiersin.org either factor alone is sufficient for villin production. While we have shown that Wnt5a stimulation of Ror2 will increase CDX2, we do not know if this precedes or is in parallel with pERK1/2 activation. Our current evidence strongly supports, however, signaling of Wnt5a/Ror2 on intestinal epithelia stimulating pERK1/2 to increase villin transcript and protein.
We proposed that Wnt5a-Ror2 induction of ERK1/2 and villin requires CK1. We have observed in both non-transformed, fetally derived HIEC, and HT29 cells that Ror2 overexpression stimulates villin expression. This could likely be mediated by Ror2 homodimerization triggering kinase activity independently from Wnt5a. Several studies have shown that though Wnt5a addition induced activation of wild-type Ror2 kinase (Billiard et al., 2005; Akbarzadeh et al., 2008) . Additionally, in the absence of Wnt5a, a constitutively dimerized form of Ror2 exhibited tyrosine kinase activity (Akbarzadeh et al., 2008; Liu et al., 2008) . Our lab has previously reported that Ror2 is expressed in intestinal epithelia throughout the crypt-villus axis (Pacheco and MacLeod, 2008) . Interestingly, Ror2 and villin share similar expression profiles. Villin protein is also widely expressed in intestinal epithelia, though its expression is progressively increased as cells migrate toward the tip of the villi (Dudouet et al., 1987) . Additionally, Ror2 and CDX2 also share similar expression profiles: both are localized to intestinal epithelia throughout the crypt-villus axis (Mallo et al., 1997) . Use of transgenic floxed Ror2 mice are required to answer this question in vivo. Whether Ror2, alone or working as a coreceptor, induces villin expression in the intestine independent of Wnt5a is not known.
We conclude that Wnt5a/Ror2 signals to stimulate pERK1/2 and subsequent villin protein expression in adenocarcinomaderived intestinal HT29 cells and non-transformed, fetally derived HIEC. We have shown that Wnt5a signals differently in 5YF Ror2-expressing cells compared to BDB Ror2-expressing cells, though both Ror2 constructs eliminate tyrosine phosphorylation in the Ser/Thr-1 regions. Additionally, we have demonstrated that CK1 is required for Wnt5a-induced villin protein expression. Together the current study demonstrates Wnt5a-mediated non-canonical signaling requiring Ror2 will regulate villin in intestinal epithelial cells.
